One sentence summary: Information in this manuscript is the first study on microbial rhodopsins present in coastal marine sediments. Also it reported a previously undescribed allopatric cladism for the viral rhodopsins sequences. Editor: Patricia Sobecky
INTRODUCTION
Rhodopsins consist of opsin apoproteins and a covalently linked retinal that is employed by Eukaryotes, Bacteria and Archaea to absorb photons in energy conversion processes and for the initiation of intracellular or intercellular signaling (Spudich et al. 2000) .
Despite not sharing practically any sequence similarity, microbial and animal rhodopsins, also termed type I and type II rhodopsins, respectively, they do share a common architecture of seven transmembrane α-helices (TM) with the N-and C-terminus facing outside and inside of the cell, respectively (Spudich et al. 2000) .
As recently described (Finkel, Béjà and Belkin 2013) , global abundance calculation of phototrophic mechanisms evidenced that the number of rhodopsin genes exceed those of the photosynthetic reaction center genes by 3-fold. Evidence from metatranscriptomic data supports, to a substantial extent, the transcription of this genomic potential, at least for the small-sized (<0.8 μm) of microbial fractions.
In addition to the known microbial rhodopsins (from Bacteria, Eukarya and Archaea), in the last years, genes encoding rhodopsins were found in the genome of the Phycodnavirus (Yutin and Koonin 2012) .
These authors reported that Organic Lake phycodnaviruses (HQ704802 and HQ704803) and virus infecting Phaeocystis globosa encode predicted proteorhodopsins. Metagenomic sequence data show that putative viral proteorhodopsins are extremely abundant in marine environments. Phylogenetic analysis suggests that phycodnaviruses acquired their proteorhodopsins via horizontal gene transfer (HGT) from proteorhodopsin-encoding protists, although the actual donor(s) could not be currently identified. The pattern of conservation of the amino-acid residues predicted as functionally relevant suggests that viral proteorhodopsin homologs function as sensory rhodopsins. It could be hypothesized that viral rhodopsins modulate lightdependent signaling (in particular phototaxis), in infected protists (Yutin and Koonin 2012) . The NCLDV (nucleocytoplasmic large DNA viruses) group includes not only Phycodnaviridae but also Poxviridae, Asfarviridae, Ascoviridae, Iridoviridae and Mimiviridae. All of these viruses encode many proteins required to perform key life cycle processes. In this sense, comparative genomic analyses revealed the monophyletic origin of these viruses as occurring at an early stage of evolution, before the divergence of the major eukaryotic lineages (Iyer, Aravind and Koonin 2001; Yutin et al. 2009 ). Larmuseau et al. (2009) reported that type II rhodopsin genes in Sand Goby (Pomatoschistus minutus) clustered according to the general photic conditions of the environment. This study highlights the usefulness of sensory genes, like rhodopsin, for studying the characteristics of local adaptation in non-marine model organisms. Following the same idea, in this work we analyzed the presence of microbial rhodopsin genes in marine sediment samples from four different geographical locations. The aim of this comparison was to discover if rhodopsin-encoding sequences had some kind of biogeographical pattern. The hypothesis to test was that rhodopsins could be adapted to the light conditions prevailing in each of the studied places. 
MATERIALS AND METHODS

Description of the sampling sites
Sampling, nucleic acid extraction and sequencing
Two sites (∼500 m apart) were sampled in each location. Three samples (∼3-5 m apart) were taken at each site and processed independently. Sediment samples were taken using a stainless steel grab (first 5 cm). Environmental metadata and general information from the 23 studied metagenomes are described in Table 1 . DNA was obtained from nearly 0.5 g of sediments yielding 23.5 ng μl −1 (SD: 9.63) of total DNA each. For this purpose, each sediment sample was added to 2.0 ml tubes containing 1.4 mm ceramic spheres, 0.1 mm silica spheres and a 4 mm glass bead (MP Biomedicals, Santa Ana, CA, USA). An extraction buffer containing 10% CTAB in 1 M NaCl, 0.1 M ammonium sulphate and 0.5 ml phenol:chloroform:isoamylalcohol (25:24:1) was added and homogenized in a FastPrep Instrument (MP Biomedicals). Lysates were extracted with chloroform and precipitated in a PEG 6000/1.6 M NaCl solution. Pellets were washed with 70% ethanol and resuspended in molecular biology grade water. Three extractions were combined at this step and purified using an AllPrep DNA/RNA kit (Qiagen, Valencia, CA, USA). DNA was sequenced using an Illumina HiSeq 1500 platform (San Diego, CA, USA) and processed at the metagenome annotation pipeline of the Joint Genome Institute.
Rhodopsin sequences selection process from metagenomic data
The dataset included 23 surface sediment samples (0-5 cm) obtained at a 9.5-50 m depth of the water body. Metagenomic data are deposited in the IMG-M database (see Table SI -1, Supporting Information). The assembled (Schbath et al. 2012 ) and unassembled datasets, which include a total of 1.0E +12 nucleotides, were first explored to identify genes associated according to their functional characterization with COG5524 (bacteriorhodopsin in Clusters of Orthologous Groups). An initial set of 6224 sequences were obtained. Depuration using BlastClust and detection of transmembrane helices in proteins using the TMHMM program (Sonnhammer, von Heijne and Krogh 1998; Krogh et al. 2001) yielded 123 final sequences with at least a length of 50 amino acids (see Table SI -2, Supporting Information). Additionally, BLASTp analysis of these datasets showed that hits matching our sequences comprised a collection of sequences representing eukaryotic, bacterial, archaeal and viral rhodposins. The collection contained representatives of both sensory and lightdriven proton pump proteorhodopsins. For a better assessment of the phylogeographic trait significance of viral rhodopsin sequences, we rescreened the libraries by BLASTp analysis (e value = e −10 ) using as query the OLPV-1 (HQ704802), OLPV-2 (HQ704803) and Phaeocytis Globosa Virus (YP 008052647.1) viral rhodopsin sequences. We recovered a set of 30 protein sequences that contained more than 100 amino acids and a viral blast hit (Table SI- 
Multiple sequence alignments
The alignments of protein rhodopsin sequences were performed with MUSCLE online server (Edgar 2004 ). This tool was chosen because it claims to ensure both better average accuracy and better speed than ClustalW2 or T-Coffee, depending on the chosen options. The alignments were manually edited using BioEdit (Hall 1999) , and a total of 196 amino acidic positions were included in the phylogenetic analysis.
Phylogenetic analysis
Phylogenetic relationships among rhodopsins-coding aminoacid sequences were analyzed using Bayesian inference (BI) and maximum-likelihood (ML) methodologies. BI analyses were performed with the MrBayes 3.1 software (Ronquist et al. 2012) . Markov chains Monte Carlo (MCMC) searches were run with four chains of 10 million generations each and sampling of the Markov chains every 500 generations. At the end of the run, the convergence of the chains was inspected through the average standard deviation of split frequencies; the first 25% of the trees were discarded. After discarding the burn-in, the four MCMC were combined and summarized on a majority-rule consensus tree. The convergence was again assessed on the basis of the effective sampling size (ESS) using Tracer software version 1.4 (http://tree.bio.ed.ac.uk/software/tracer/). Only log likelihoods with ESS values of >250 were accepted. A tree with clade credibility was constructed using the posterior probability distribution. The tree was rooted using the sequences of Haloarcula marismortui ATCC 43049 accessed from the GenBank database (accession number YP135281). ML phylogenetic inference was performed with PHYML online server (Guindon et al. 2010) . Previous to the phylogenetic inference, we selected the best amino acidic substitution model by using ProtTest 2.4 (Abascal, Zardoya and Posada 2005) .
Phylogeny-trait association and phylogeographic analysis
The association between phylogeny and the geographical pattern distribution of the rhodopsin sequences was assessed using the software BaTS (Parker, Rambaut and Pybus 2008) . This approach included in the dataset the viral rhodopsin sequences from SWE, NOR and ANT sites together with environmental rhodopsin sequences from GOS. The latter was the same sequence set that was used by Yutin and Koonin (2012) . No sequences from TDF site were included in the last study because the length of its amino acidic chains was shorter than 100 residues.
Values of the association index (AI), parsimony score (PS) statistics and the level of clustering in individual locations using the monophyletic clade (MC) size statistic were all calculated based on the posterior samples of trees produced (n = 30 000) by MrBayes 3.1 using the BaTS program. The null distribution for each statistic was estimated with 1000 replicates of state randomization (Table 3) .
Amino acidic signature pattern
Consensus rhodopsin sequences from each studied location were obtained using WebLogo 3.4 online web application (Crooks et al. 2004) .The overall height of the stacks indicates the sequence conservation at that position, while the height of symbols within the stack indicates the relative frequency of each amino or nucleic acid at that position. In general, a sequence logo provides a richer and more precise description of a consensus sequence. 
Mapped reads
1,64E +07 Proportion of sequences which has been aligned on known sequences in database (Schbath et al. 2012) .
RESULTS
Screening of the microbial rhodopsins
A total of 123 sequences (longer than 50 amino-acid residues) from the four geographical locations were retrieved by using COG5524 and selected by the presence of transmembrane domains. These sequences were ascribed to viral (51/123 sequences) and non-viral groups (72/144 sequences). When analyzed using the Blastp tool, these sequences showed high diversity (Table SI The phylogenetic tree obtained by ML method showed that non-viral microbial rhodopsin sequences from the four geographical locations were not segregated by their geographical origin (see non-collapsed tree in Supporting Information Fig. SI-1) . On the contrary, viral rhodopsin CDS were apparently grouped by geographical sampling location. To perform a more detailed analysis of this preliminary observation, we conducted a Bayesian Tip-association Significance test (BaTs) with viral rhodopsin sequences from our work together with viral GOS rhodopsin sequences.
Viral rhodopsins phylogeography
The initial analysis (Supporting Information Table SI-2 and Fig. 2) suggested the presence of a number of viral sequences coding for rhodopsins. As many of the sequences had fewer than 100 amino acids hence giving a poor phylogenetic signal, we decided to rescreen our metagenomes using Blastp tools. The queries were the following five viral sequences: YP 008052647.1, ADX06642.1, ADX06219.1, ADX06667.1 and ADX06595.1. This analysis yielded 30 sequences from SWE, NOR and ANT samples. The sequences from TDF site were excluded, because none of them reached a length of 100 amino acids. The 30 sequences (14 from SWE, 8 from NOR and 8 from ANT, Table SI-3, Supporting Information) and the same set of GOS sequences used by Yutin and Koonin (2012) were used for further phylogeographic analysis.
Phylogenetic analysis of putative viral rhodopsins
Both type I (VR-I) and type II (VR-II) viral rhodopsins groups as described by Yutin and Koonin (2012) were present in the phylogenetic tree (Fig. 3) . VR-I included all the sequences from SWE and NOR (14 and 8, respectively) and 4 from ANT. All these sequences formed a clade that also included Phaeocystis globosa rhodopsin gene sequences (YP 008052647.1) and the Organic Lake phycodnavirus 2 ADX06642.1 and ADX06219.1. On the other hand, VR-II clade only included four sequences from ANT as a brother group of Organic Lake phycodnavirus (ADX06595.1 ADX06667.1). The phylogenetic tree also included several nonviral rhodopsin sequences which could also be grouped into two well-defined clades. One of the clades included only five sequences, three from SWE and two from ANT. The position of this clade in the phylogenetic tree (excluded from the viral rhodopsin but also forming a clearly separated and well supported clade 
Phylogeographic analysis of putative viral rhodopsins
The phylogenetic tree (Fig. 3) also revealed an apparent geographical clustering of our polar and subpolar viral sequences. This clustering was not observed for the non-viral polar and subpolar sequences. In order to obtain a deeper understanding of the phylogeographic association of the viral rhodopsin sequences, we conducted a BaTs analysis. For this purpose, we defined 12 different traits based on the phylogenetic tree, as described in Table 2 . The results of the BaTs analysis are shown in Table 3 . Values of AI and PS, which test the global association between a trait and tree topology, allows rejection of the null hypothesis. This result clearly confirmed the association of the viral rhodopsin sequences according to the sampling sites. The Monophyletic Clade indices (which were obtained by analyzing 30 000 trees sampled during the Bayesian phylogenetic reconstruction) were highly significant (p = 0.0099) for all the defined traits (Table 3) .
Signature pattern rhodopsin protein sequences
We analyzed the signature pattern rhodopsin sequences around the proton donor/acceptor and the color tuning position in order to investigate the hypothesis erased from the phylogeographic studies, among them, the eventual ancestrality of the PAVR group of sequences as well as the geographical segregation observed for the ANT, NOR and SWE sets of sequences (Fig. 4) . We selected the above-mentioned positions because those are the same used by PROSITE for identification of the bacteriorhodopsin sequences (Sigrist et al. 2013) .
The proton donor site (position 97) exhibited aspartic acid (D) in all the analyzed rhodopsin protein sequences with the exception of the PAVR group, which exhibited glutamic acid (E). The tuning site (position 105; Man et al. 2003) in TVR, PAVR, NOR, SWE and ANT was strongly conserved, showing only methionine (M). On the contrary, in MTR group, leucine (L), methionine (M), threonine (T) and glutamine (Q) were observed.
The proton acceptor site (position 108) was less conserved in all the rhodopsin groups. The most frequent residues were Non-viral1 Non-viral rhodopsin from data bank 12
Non-viral2 Non-viral rhodopsin from this work (ANT-NOR-SWE mixed) different for each group: serine (S) in TVR, leucine (L) in PAVR, valine (V) in ANT, glutamic acid (E) in NOR and threonine (T) in SWE.
All the observed amino acidic variants described above for the three analyzed positions were previously observed by Yutin and Koonin (2012) in their in silico study of viral and non-viral rhodopsin sequences.
DISCUSSION
Microorganisms containing rhodopsin genes comprise a broad phylogenetic range of microbial life, including haloarchaea, proteobacteria, cyanobacteria, fungi, dinoflagellates and green algae. These organisms live in diverse environments including salt flats, surface and deep sea water, soil, fresh water, glaciers, human and plant tissues as well as pathogenic fungi (Finkel, Béjà and Belkin 2013) . As far as we know, no previous studies analyzed the rhodopsin sequences present in marine sediments. Only a recent work published by Gorriti et al. (2014) reported the presence of a bacterial xanthorhodopsin obtained from sediments of a high altitude Andean lake. Apart from the ecological relevance, the rhodopsin genes represent an interesting source of genetic resources having a high biotechnological potential Yoshitsugu, Yamada and Kandori 2009; Walter, Greenfield and Liphardt 2010) .
In this work, a rich assemblage of microbial (viral and nonviral) rhodopsin sequences was detected and very different bacterial and non bacterial phyla carrying these sequences were observed. The ecological significance of this finding is difficult to estimate, because this is the first report about the presence of these genes in metagenomic data from marine sediments. However, as the samples were obtained from depths that ranged between 9 and 50 m of the water column, and taking into account the strong sedimentation and mixing processes occurring in this water layer, we cannot discard that a number of the detected sequences belong to microorganisms living in the water column and not to those strictly colonizing the surface sediment layer. As a consequence, the rhodopsin genes described here would come from microorganisms living under different photic regimens. Table 3 . Summary of AI for phylogeographic analysis. Association index (AI), parsimony score (PS) and monophyletic clade (MC). The observed mean and its associated 95% confidence intervals (upper and lower CI) were obtained by analyzing trees sampled during the Bayesian phylogenetic reconstruction. The null mean and its associated confidence intervals were obtained after randomly distributing the traits in the phylogeny (1000 replica). The significance level is the p value for the statistical hypothesis test for equality between the index observed and that expected under no association. Each state was defined following a three initial letter code of the location where the sample was collected.
Statistic
Observed Focusing on the viral rhodopsin sequences, our results agree with those reported by Yutin and Koonin (2012) and Philosof and Béjà (2013) , and both type I and type II viral rhodopsin groups were observed (Fig. 3) . In addition, clear and well-supported phylogeographic segregation was observed. In the same way, identity of the rhodopsin gene acceptors remains unknown and could even be the same in all of the studied areas. It is known that HGT represents a frequent event in nature, which causes a fast dissemination of the involved genes (Frigaard et al. 2006) . As a consequence, if the elapsed time from the transference events was large enough, we would not expect phylogeographic differences in our study. Based on the existence of phylogeographic differences in this study, it is possible to hypothesize that the presence of the rhodopsin genes in the viral genomes represents a relatively recent event. With the aim to test this hypothesis, a heterochronic sampling of Antarctic rhodopsin sequences is currently being obtained in order to estimate the mutation rate and to perform a further coalescence analysis that will permit us to obtain an estimation of the age of the most recent common ancestor.
In addition, in the light of the Bayesian phylogenetic reconstruction, we are proposing the existence, within our sequences dataset, of a PAVR ancestor. This ancestor constitutes a very well-supported brother group, intermediate between the viral and non-viral rhodopsin sequences (Fig. 3) . When the five rhodopsin sequences belonging to the ancestral group were BLAST analyzed, four of them showed the higher similarity values with members of the phylum Chloroflexi and the fifth with one Actinobacteria. A documented case of interdomain HGT has recently been reported (Sharma, Spudich and Doolittle 2006) . The signature pattern analysis of the amino-acid sequences provided additional evidence supporting both the geographical segregation of the viral sequences and the eventual ancestrality of the PAVR group. On one hand, the observed substitution of D97E has structural and evolutive support. From the structural point of view, both are negative charged amino acids, with the aspartic having a slowly shorter side chain than glutamic. From the evolutive point of view, this substitution is frequently found in different protein families, as is evidenced by the Blosum64 and PAM 250 matrixes scores. The tuning site provides evidence of the segregation of microbial rhodopsin sequences from the viral ones but do not support any additional evidence about segregation between the different viral sequence groups. The proton acceptor site showed a high diversity between groups. This observation also provides additional information about the geographical segregation of the viral rhodopsin sequences studied here.
Finally, apart from the academic and biological relevance, these results also have a biotechnological interest. For this reason, a further structural and functional characterization of some of the obtained viral rhodopsin sequences as well as an evaluation of its potential technological application will be performed.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSEC online. (Man et al. 2003) is marked above the consensus. PAVR, putative ancestor viral rhodopsin (previously defined in the text); TVR, typed viral rhodopsins; ANT, Antarctic rhodopsins, NOR, Norway rhodopsins and SWE, Sweden rhodopsins. The overall height of the stacks indicates the sequence conservation at that position, while the height of symbols within the stack indicates the relative frequency of each amino or nucleic acid at that position.
